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This study investigates the procedural learning, retention, and reactivation of temporal sensorimotor sequences in children with and without developmental coordination disorder (DCD). Twenty typically-developing (TD) children and 12 children with DCD took part in this study. The children were required to tap on a keyboard, synchronizing with auditory or visual stimuli presented as an isochronous temporal sequence, and practice non-isochronous temporal sequences to memorize them. Immediate and delayed retention of the audio-motor and visuo-motor non-isochronous sequences were tested by removing auditory or visual stimuli immediately after practice and after a delay of 2 h. A reactivation test involved reintroducing the auditory and visual stimuli after the delayed recall. Data were computed via circular analyses to obtain asynchrony, the stability of synchronization and errors (i.e., the number of supplementary taps). Firstly, an overall deficit in synchronization with both auditory and visual isochronous stimuli was observed in DCD children compared to TD children. During practice, further improvements (decrease in asynchrony and increase in stability) were found for the audio-motor non-isochronous sequence compared to the visuo-motor non-isochronous sequence in both TD children and children with DCD. However, a drastic increase in errors occurred in children with DCD during immediate retention as soon as the auditory stimuli were removed. Reintroducing auditory stimuli decreased errors in the audio-motor sequence for children with DCD. Such changes were not seen for the visuo-motor non-isochronous sequence, which was equally learned, retained and reactivated in DCD and TD children. All these results suggest that TD children benefit from both auditory and visual stimuli to memorize the sequence, whereas children with DCD seem to present a deficit in integrating an audio-motor sequence in their memory. The immediate effect of reactivation suggests a specific dependency on auditory information in DCD. Contrary to the audio-motor sequence, the visuo-motor sequence was both learned and retained in children with DCD. This suggests that visual stimuli could be the best information for memorizing a temporal sequence in DCD. All these results are discussed in terms of a specific audio-motor coupling deficit in DCD.
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HIGHLIGHTS


- General deficit in audio and visual motor synchronization with rhythmic stimuli in DCD.

- Auditory cueing improves learning and reactivation but not retention in DCD.

- Learning and retention of a visual sequence are preserved in DCD.





INTRODUCTION

Perceptual-motor procedural leaning is the acquisition of new perceptual-motor skills (a series of simple or complex movement elements) with practice, and procedural learning tasks are numerous (Doyon and Benali, 2005; Doyon, 2008). Even if procedural learning of temporal sequences (with no spatial component) has been subject to fewer studies than spatio-temporal sequences (with a low temporal component, as in the traditional Serial Reaction Time Task), both kinds of learning involve learning the order of a repeated sequence (of spatial and/or temporal parameters, see Shin and Ivry, 2002). During practice, participants learn to predict the location and/or time of the subsequent stimulus, thus becoming faster to respond or synchronize with the stimuli. Temporal sequence learning is typically found in music training. For example, at the very beginning of training for drumming and the basis of rhythm in music, temporal sequences are practiced with low spatial parameters (only one drum and one drumstick). In this case, learning requires perceiving sensory input items, memorizing them in a structured temporal sequence through repetitive practice, retaining the sequence for a certain period and then retrieving this temporal sequence so as to recall it (Patel, 2003; Konoike et al., 2012, 2015).

Experimentally, the production of time intervals can be assessed via sensori-motor synchronization (SMS), which is synchronization of a motor output with a sensory stimulus (Fraisse, 1948; Fraisse et al., 1958; Repp et al., 2011; Repp, 2005; Repp and Su, 2013). Several studies have investigated SMS with isochronous stimuli, i.e., with identical time intervals between two stimuli (Jäncke et al., 2000; Chen et al., 2002; Pollok et al., 2009; Blais et al., 2014, 2015). Studies using an SMS paradigm in healthy adults highlight that synchronization with auditory stimuli is stable (Sowiński and Dalla Bella, 2013). Moreover, the literature shows that SMS depends on the sensory modality of the stimuli. When participants are required to tap with their index finger in synchronization with tones (auditory sequence) or flashes (visual sequence), SMS with an auditory stimulus is more accurate and stable than SMS with a visual stimulus (Fraisse, 1948; Semjen and Ivry, 2001; Chen et al., 2002; Repp and Penel, 2002; Patel et al., 2005; Tierney and Kraus, 2013; Blais et al., 2014, 2015). This suggests that rhythmic movements tend to synchronize with auditory more than visual rhythms (Repp and Penel, 2004; Kato and Konishi, 2006). Moreover, SMS is less accurate and stable with non-isochronous stimuli, i.e., a sequence with different time intervals between two stimuli (Patel et al., 2005; Andreou et al., 2015). Therefore, learning is required to achieve synchronization with non-isochronous (auditory or visual) stimuli, which involves alternating short and long delays between consecutive stimuli.

Regarding developmental coordination disorder (DCD), many studies have found evidence of impaired sensorimotor timing, and especially SMS, irrespective of the modality of the stimuli (auditory or visual stimuli) and the type of response (unimanual, bimanual, or verbal) (Volman and Geuze, 1998; Volman et al., 2006; de Castelnau et al., 2007, 2008; Whitall et al., 2008; Debrabant et al., 2013; Blais et al., 2017; Puyjarinet et al., 2017; Blais et al., 2018; Trainor et al., 2018; Lê et al., 2020). However, a recent hypothesis was postulated by Trainor et al. (2018) that one core deficit of DCD could be a specific auditory timing deficit. This deficit would lead to specific impairment of audio-motor synchronization in DCD compared to typical development.

Regarding learning, the model by Nicolson and Fawcett (2007) predicts that procedural learning would be altered in children with DCD because of a dysfunction of the cortico-striato-thalamo-cortical network. However, studies investigating this issue in DCD have reported inconsistent results (Wilson et al., 2003; Gheysen et al., 2011; Lejeune et al., 2013; Blais et al., 2018; Lê et al., 2020). Very recently, a specific deficit in learning and the retention of an auditory temporal non-isochronous sequence using verbal responses were found in DCD (Lê et al., 2020). The deficit was less apparent for learning and the retention of a visual temporal non-isochronous sequence. On the contrary, controlling temporal parameters with visual stimuli seems to be less affected and repeated practice allows learning and retention of the visual temporal non-isochronous sequence in DCD and typically-developing (TD) children equally. These results highlight that DCD children seem to present with an alteration in audio-verbal coupling that is not reduced despite repeated practice. This is in line with the hypothesis of Trainor et al. (2018).

Special emphasis is placed on dynamic changes in memory after learning. The memory dynamic corresponds to the retention and reactivation processes (Tallet, 2012; de Beukelaar et al., 2016; Fogel et al., 2017). The retention process is evaluated by recall tests without stimuli (immediately after practice and after a time delay) and reactivation is evaluated via reintroduction of the stimuli further to retention. Withdrawal of the stimuli during recall tests may reveal a persistence or forgetting of the memory trace and reintroduction of the stimuli may reactivate the memory trace having forgotten it. Therefore, in the present study, participants were required to practice temporal non-isochronous sequences by tapping on a keyboard in synchrony with auditory or visual stimuli. Afterward, they had to recall the sequences immediately after practice and recall again after a delay of 2 h. During the reactivation test, after the delayed recall (DEL), they were required to reproduce the sequence with the auditory or visual stimuli.

On this basis, this study aims to test the hypothesis for a specific audio-motor coupling impairment using manual responses in DCD when learning, retaining, and reactivating a new temporal sequence presented with either auditory or visual stimuli. In accordance with the hypothesis of an auditory timing deficit (Trainor et al., 2018), we expected that, compared to TD children, DCD children would have a deficit in SMS, learning, retention, and reactivation for a new audio-motor temporal sequence compared to a new visuo-motor temporal sequence. More operationally, we expected children with DCD to demonstrate a lesser decrease in mean asynchrony (and a lesser increase in stability) when practicing the audio-motor sequence compared to the visuo-motor temporal sequence. Moreover, for retention and reactivation, we expected that children with DCD would have a higher increase in asynchrony (and a lower increase in stability) for the audio-motor sequence compared to the visuo-motor sequence. In contrast, TD children were expected to have a higher increase in asynchrony (and a lower increase in stability) for the visuo-motor sequence compared to the audio-motor sequence.



MATERIALS AND METHODS


Participants

Twelve children with DCD and 20 TD children aged 8–12 years took part in this study. They were all right-handed, as assessed by the 10-question version of the Edinburgh Handedness Inventory (Oldfield, 1971; mean laterality quotient: 88.77 ± 20.33; range: 20–100). Seven more children were examined for this study, but their MABC score did not meet the inclusion criteria of Movement Assessment Battery for Children (M-ABC) <5th percentile, so they were not included in the study. We did not include children with musical skills (more than 4 h a week of formal practice for over 1 year). Participants had corrected-to-normal vision and hearing, as verified by a pre-experimental questionnaire. The children were enrolled in the DYSTAC-MAP study (ANR-13-APPR-0010). Eleven DCD and 18 TD children who passed an MRI participated in the study by Lê et al. (2020).

The inclusion criteria for the DCD group were: (1) no attention deficit/hyperactivity disorder according to DSM-5 (American Psychiatric Association, 2013); (2) diagnosis of DCD by a pediatrician; and (3) a total impairment score in the M-ABC (Henderson and Sugden, 1992; Soppelsa and Albaret, 2004) lower than the 5th percentile. The TD group was included with a total score higher than or equal to the 15th percentile. All children were clinically screened for neurodevelopmental disorder according to the DSM5 criteria. Children with comorbidities including ADHD, specific language impairment and developmental dyslexia were excluded from both groups. Moreover, the children did not have any clinical signs of verbal dyspraxia. None of the children had an intellectual disability, which was assessed via two sub-tests of the Wechsler Intelligence Scale for Children, 4th version (Similarities and Picture Concepts; Wechsler, 2005). The protocol was promoted by the French Ethical Committee of the Institute for Medical Research (Inserm, 2014-AO1239-38).

The participant characteristics are given in Table 1.


TABLE 1. Motor and IQ assessment in both groups.
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Materials

In the experiment, a computer with Presentation software (Version 18.0, Neurobehavioral Systems, Inc., Berkeley, CA, United States1) was placed in front of the experimenter. This computer gave visual instructions and visual stimuli to a connected 24″ screen, located 80 cm from the participants. Auditory stimuli were sent through headphones.

The participant’s responses were collected via the same software using the key of the computer keyboard in front of him/her. The keyboard was connected to the computer via a USB port. The Presentation software recorded every time a key was pressed, which allowed recording with time precision in the tenths-of-milliseconds range. We ensured that the mean and stability for the uncertainties were very low and stable.



Task


Control Task: Synchronization With Isochronous Sequence

All the children had to synchronize with a sequence of 10 stimuli appearing at an isochronous interval of 1 s, by tapping the key of the keyboard with the right index finger.

Two modalities were tested: auditory stimuli were given via short tones (100-ms duration, 500 Hz) through headphones and visual stimuli were given via yellow squares (100-ms duration), which appeared in the center of the computer screen.



Experimental Task: Learning to Synchronize With Non-isochronous Sequences


Practice (with stimuli)

The participants were asked to learn two non-isochronous sequences by tapping the right index finger on the key in synchrony with auditory stimuli (one sequence) and visual stimuli (another sequence). The two sequences were a series of 11 stimuli, which appeared at non-isochronous intervals. The auditory sequence included 11 brief sounds (100-ms duration, 500 Hz) and came through headphones, and the visual modality was in the form of 11 yellow squares (100-ms duration), which appeared in the center of the computer screen. The inter-stimulus interval varied between 500, 900, and 1,650 ms within each sequence in a pre-established pseudo-randomized order (Figure 1). Please note that the sequences were presented in a counterbalanced way, so that the results could be interpreted with respect to the duration of the sequences.


[image: image]

FIGURE 1. Schematic representation of the 4 sequences. 2 sequences in the auditory modality and 2 sequences in the visual modality. The participant had to learn one sequence in one modality and the other sequence in the other modality. Sequences and modalities were presented randomly among participants.


The children had to learn two non-isochronous sequences (auditory and visual) (Figure 1). The participants were warned that they had to reproduce the sequence without stimuli (without a metronome) at the end of the practice [immediate recall (IMM)] and 2 h after the practice without stimuli (DEL) and then with stimuli (reactivation).



Immediate and delayed recall (without stimuli)

In these tasks, the children had to recall sequences by tapping the key without the stimuli as accurately as possible.



Reactivation (with stimuli)

The children had to recall sequences by tapping the key with the stimuli as accurately as possible. This task assessed reactivation resulting from reintroducing the stimuli (environmental model).



Procedure

The experiment included several tasks, performed as follows:


Control Task: Synchronization With an Isochronous Sequence

The order of the auditory and visual modalities was counterbalanced between the participants for the isochronous synchronization tasks. Two trials were performed per modality.



Experimental Tasks

The children were required to perform the practice session using one of two modalities, followed by IMM, during which the metronome (i.e., visual or auditory sequence) was removed. The second modality was then practiced, followed by IMM. Two hours after the practice, both modalities were re-tested during DEL without the stimuli and in reactivation, during which the stimuli were reintroduced. During these 2 h, the children and their parents left for lunch. The order of the modalities (auditory or visual) and sequences (Sequence 1 or Sequence 2) was counterbalanced between the participants (Figure 2). Therefore, one participant learned Sequence 1 with auditory stimuli and Sequence 2 with visual stimuli whereas another participant learned Sequence 1 with visual stimuli and Sequence 2 with auditory stimuli.
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FIGURE 2. Tests of the experimental protocol : practice, immediate recall, differed recall and reactivation for auditory sequence (A) and visual sequence (V). Immediate retention corresponds to process between practice and immediate recall. Differed retention corresponds to process between immediate recall and differed recall (without stimuli). Reactivation corresponds to process between differed recall (without stimuli) and reactivation (with the reintroduction of the stimuli).



Practice

For each sequence, one per modality, each participant had 30 practice trials to learn the sequence. At the end of each trial a visual feedback was presented to the participants as a smiley face, indicating performance (Figure 3). This task corresponded to the learning phase and was used to test the effect of the practice.
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FIGURE 3. One of these 5 feedbacks was presented at the end of each practice trial. (A) The first feedback was displayed when the participant had an average synchronization between −20 ms and +20 ms and a standard deviation less than 20 ms. (B) The second feedback was displayed when the participant had an average synchronization between −20 ms and +20 ms and a standard deviation greater than 20 ms. (C) The 3rd feedback was displayed when the participant had an average synchronization between −40 ms and −20 ms or between +20 and +40 ms. (D) The 4th feedback was displayed when the participant had an average synchronization between −60 ms and −40 ms or between +40 ms and +60 ms. (E) The 5th feedback was displayed when the participant had an average synchronization less than −60 ms or greater than 60 ms.




Immediate recall

Immediately after the practice phase, the participants had three trials to recall the sequence without the stimuli. They performed the visual sequence without any stimuli immediately after practicing the visual sequence, and performed the immediate auditory recall without any stimuli immediately after practicing the auditory sequence. No feedback was given. They started when they wanted and stopped when they thought they had finished the sequence. After a 10-min break, the participants practiced the other sequence using the other modality [30 trials in the practice session + three IMM trials].



Delayed recall

Two hours after the practice session, the participants had to recall both sequences (three trials per sequence) without the stimuli. The order of the sequences was free. Children did not verbalize the number of the sequence but labeled the sequence “visual/square” or “auditory/tones” before starting. They started when they wanted and stopped when they thought they had finished the sequence. No feedback was given. Please note that seven TD children (35%) and five children with DCD (41.6%) were not able to reproduce the DEL sequences.



Reactivation

Participants had to produce the two sequences (three trials per sequence) with the stimuli in the same order as the practice. No feedback was given. Unlike DEL without a stimulus, this task was used to test reactivation by reintroducing the metronome.



Data Analysis


Practice and Reactivation

Asynchrony and stability were calculated via a circular data processing method (Fisher, 1995) using CircStat. CircStat is a MATLAB Toolbox (MATLAB version 2015a) for circular statistics (Berens, 2009), recommended for cyclical data, particularly suited to synchronization data and sensitive to individual differences (Dalla Bella and Sowiński, 2015). Circular data processing has been used in the literature during manual tapping on a synchronization task for an isochronous rhythmic sequence in healthy adults (Sowiński and Dalla Bella, 2013), children with or without a neuro-developmental disorder (Puyjarinet et al., 2017) and patients with neurodegenerative diseases (Martin et al., 2017).

Processing involves representing each finger tap with an angle (unitary vector) on a 360° polar scale, where the circle represents the inter-beat interval of the stimuli. The resultant angle of vector R represents synchronization accuracy (Sowiński and Dalla Bella, 2013; Dalla Bella et al., 2017). For each subject and each trial, we obtained a resultant vector angle that we transformed into an absolute value (in order to average the data across the trials). Subsequently, the vector angles were converted into a percentage of asynchrony to obtain data on a linear scale and for better understanding. To give an example of conversion: an angle of 0° was converted to 0% asynchrony and an angle of 180° was converted to 50% asynchrony. The higher the percentage, the lower the synchronization. The length of resultant vector R (Sowiński and Dalla Bella, 2013; Dalla Bella et al., 2017) is referred to as synchronization stability and varies from 0 to 1: 0 corresponds to a uniform and random distribution of responses around the circle while 1 corresponds to a uniform distribution of responses in one direction. In other words, the longer the vector length is close to 1, the greater the stability for the synchronization of responses within the trials. The vector angle and the vector length were obtained via circular statistics using CircStat (Berens, 2009) in MATLAB, based on temporal tapping data.

For each subject and each trial, we obtained a percentage of absolute asynchrony representing accuracy and a vector length representing the stability of sensorimotor coordination synchronization. Please note that the first response was never taken into account in data processing because it was considered a “warm-up” step. Every three consecutive trials of the 30 practice trials were averaged to obtain 10 blocks of three practice trials for absolute asynchrony and vector length.



Immediate Recall and Delayed Recall (Without Stimuli)

These recalls without stimuli led to other analyses because (1) we recorded tap time only (with no stimulus) and (2) the participants started when they wanted, so the first interval was extremely variable from one individual to another.

The first tap had to align with 0° (as the first response was synchronized with the first imaginative stimulus). The first tap time was subtracted from all other times further to the responses so the first tap was well aligned with 0° and the following taps were in tempo with what the participant had done.

Between the responses, we added an accumulatively increasing stimuli time by putting the first 0° stimulus aligned with the first dummy response. From there, we performed the same data processing as the practice and reactivation sessions in order to obtain the vector angle and vector length of the three trials. The angle values of the three tests were highlighted as an absolute value so as to be able to average them. Finally, the angle was converted into a percentage.



Control Task: Synchronization With an Isochronous Sequence

Asynchrony (accuracy) and vector length (stability) were calculated using a fixed inter-stimuli interval of 1,000 ms. The number of errors was computed because this appeared to be a potential learning deficit marker in DCD (Blais et al., 2017). Errors corresponded to the additional taps compared to what the rhythmic stimuli proposed.



Statistics

Data normality was verified using the Kolmogorov–Smirnov test (p > .05). The homogeneity of variance was verified for each analysis of variance (ANOVA); df and p-values underwent Greenhouse–Geisser correction, if necessary.

For the control synchronization task using an isochronous metronome, statistical Group (2) × Modality (2) analyses of variance (ANOVAs) were carried out with repeated measures on Modality (Auditory; Visual), to compare the children with DCD with the TD children (controls) on asynchrony, vector length and number of errors (p < 0.05).

For the practice session, statistical Group (2) × Modality (2) × Block (10) ANOVAs were carried out with repeated measures on Modality (Auditory; Visual) and Block (B1–B10) on asynchrony, vector length and number of errors.

For immediate retention, statistical Group (2) × Modality (2) × Immediate Recall (2) ANOVAs were carried out with repeated measures on Modality (Auditory; Visual) and Immediate Recall (B10; IMM) for asynchrony, vector length and number of errors. Please note that we compared the last practice block (B10: mean of the last three practice trials) with the immediate retention block (IMM: mean of three retention trials).

For delayed retention, statistical Group (2) × Modality (2) × Recall (2) ANOVAs were carried out with repeated measures on Modality (Auditory; Visual) and Recall (IMM; DEL) for asynchrony, vector length and number of errors.

For reactivation, statistical Group (2) × Modality (2) × Reactivation (2) ANOVAs were carried out with repeated measures on Modality (Auditory; Visual) and Reactivation (DEL; REAC) for asynchrony, vector length and number of errors.

The p-value was fixed at p < 0.05 for each analysis. η2 was reported for significant effects on the ANOVA. Separate post hoc t-tests were computed for independent groups using a Bonferroni correction for multiple comparisons.



RESULTS


Control Task: Synchronization With an Isochronous Sequence


Asynchrony (Accuracy)

The ANOVA revealed a main Group effect on asynchrony [F(1,30) = 7.496, p = 0.01; η2 = 0.199]. Asynchrony was higher in the DCD group (12.4% ± 7.2) than the control group (6.9% ± 4.2) irrespective of Modality, reflecting a lower synchronization accuracy in children with DCD than the control children.



Vector Length (Stability)

The ANOVA revealed a Group effect on vector length [F(1,30) = 12.881, p = 0.001; η2 = 0.184]. Vector length was lower in the DCD group (0.675 ± 0.112) than the control group (0.805 ± 0.090) irrespective of Modality, reflecting lower synchronization stability in children with DCD than the control children.

The ANOVA revealed a Modality effect on vector length [F(1,30) = 8.508, p = 0.006; η2 = 0.008]. Vector length was higher in the auditory Modality (0.801 ± 0.147) than the visual Modality (0.711 ± 0.137) irrespective of the Group, reflecting higher synchronization stability in the auditory modality than the visual modality for both groups.



Number of Errors

The ANOVA revealed a Group effect on the number of errors [F(1,30) = 5.993, p = 0.020; η2 = 0.166]. The number of errors was higher in the DCD group (1.645 ± 0.950) than the control group (1.078 ± 0.334) irrespective of the Modality.



Experimental Task: Learning Non-isochronous Sequences


B1–B10: Practice Effect


Asynchrony (accuracy)

The ANOVA revealed a main Group effect on asynchrony [F(1,30) = 5.682, p = 0.023; η2 = 0.008]. Asynchrony was higher in the DCD group (25.5% ± 10.3) than the control group (19.4% ± 10.8), irrespective of Modality and Block, reflecting lower synchronization accuracy in children with DCD than the control children.

The ANOVA revealed a main Block effect on asynchrony [F(9,270) = 20.511, p < 0.001; η2 = 0.116]. Asynchrony was higher during Block 1 (29.8% ± 8.2) than Block 10 (16.7% ± 10.7) [t(30) = 8.897; p = 6.45 10–10) irrespective of the Group and Modality, suggesting increased accuracy with practice for both groups.

The ANOVA revealed Block × Modality interaction on asynchrony [F(9,270) = 4.080, p < 0.001; η2 = 0.022]. Irrespective of the Group, asynchrony decreased with the Block, most significantly in the auditory Modality (Figure 4A), suggesting that accuracy significantly increased with practice for both groups in the auditory Modality.


[image: image]

FIGURE 4. (A) Mean asynchrony of children (both groups averaged) for visual modality (gray diamonds) and auditory modality (black triangles). (B) Mean vector length of children (both groups averaged) for visual modality (gray diamonds) and auditory modality (black triangles). Vertical bars represent inter-individual variability (standard error).




Vector length (stability)

The ANOVA revealed a Group effect on vector length [F(1,30) = 4.534, p = 0.041; η2 = 0.009]. The Vector length was lower in the DCD group (0.40 ± 0.18) than the control group (0.49 ± 0.18) irrespective of the Modality, reflecting lower synchronization stability in children with DCD than the control children.

The ANOVA revealed a Block × Modality interaction on vector length [F(9,270) = 3.002, p = 0.001; η2 = 0.026]. Irrespective of Group, the vector length increased with the Block for the auditory Modality [t(30) = 3.19; p = 0.003] but not for the visual Modality [t(30) = 1.55; ns], suggesting a stability increase with practice for both groups for the auditory Modality only (Figure 4B).



Number of errors

The ANOVA revealed a main Group effect on the Number of errors [F(1,30) = 6.213, p = 0.018; η2 = 0.122]. The Number of errors was higher in the DCD group (1.241 ± 1.217) than the control group (0.631 ± 0.766), irrespective of the Modality and Block.

The ANOVA revealed a Modality × Block interaction on the Number of errors [F(9,270) = 2.565, p = 0.007; η2 = 0.022]. Irrespective of the Group, the Number of errors decreased with the Block for the auditory Modality only [t(30) = 3.101; p = 0.004].



End of Practice (B10) vs Immediate Recall: Immediate Retention


Asynchrony (accuracy)

The ANOVA revealed a main Group effect on asynchrony [F(1,30) = 5.230, p = 0.029; η2 = 0.009]. The Vector angle was higher in the DCD group (23.6% ± 10.7) than the control group (17.8% ± 10.1) irrespective of the Modality and IMM, reflecting lower synchronization accuracy in children with DCD than the control children.

The ANOVA revealed an IMM effect on asynchrony [F(1,30) = 16.397, p < 0.001; η2 = 0.123]. Asynchrony was higher in IMM (23.2% ± 9.6) than at the end of the practice (B10) (16.7% ± 10.7) irrespective of the Group and Modality suggesting decreased synchronization accuracy for immediate retention, when stimuli were withdrawn.



Vector length (stability)

The ANOVA revealed an IMM effect on vector length [F(1,30) = 26.712, p < 0.001; η2 = 0.470]. The Vector length was lower in IMM (0.31 ± 0.11) than at the end of the practice (B10) (0.48 ± 0.23), suggesting that stability decreased when stimuli were withdrawn, irrespective of the Group and Modality.



Number of errors

The ANOVA revealed a main Group effect on the number of errors [F(1,30) = 9.651, p = 0.004; η2 = 0.174]. Irrespective of the IMM and the Modality, the number of errors was higher in the DCD group (1.43 ± 1.23) than the control group (0.57 ± 0.75).

The ANOVA revealed an IMM effect on the number of errors [F(1,30) = 17.252, p < 0.001; η2 = 0.005]. The Number of errors was higher during IMM (1.08 ± 1.16) than during the final block of the practice (B10) (0.71 ± 0.88) irrespective of the Group and Modality.

The ANOVA revealed a Group × IMM interaction [F(1,30) = 11.172; p = 0.002; η2 = 0.003], Modality × IMM interaction [F(1,30) = 5.627; p = 0.024; η2 = 0.014] and Group × Modality × IMM interaction on the number of errors [F(1,30) = 5.254; p = 0.029; η2 = 0.013]. For the auditory Modality only, the number of errors increased in the DCD group between the end of the practice (B10) (0.92 ± 0.76) and the IMM (2.25 ± 1.49) [t(30) = 3.844; p < 0.001], whereas for the visual modality, the number of errors did not increase between B10 (1.11 ± 1.06) and the IMM (1.47 ± 1.20) [t(30) = 1.65; ns] (Figure 5).
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FIGURE 5. Mean number of errors for DCD group (gray diamonds) and TD group (black triangles) for visual (left) and auditory modality (right). Vertical bars represent inter-individual variability (standard error).




Immediate Recall vs Delayed Recall: Delayed Retention


Asynchrony (accuracy)

The ANOVA revealed no significant effect or interaction.



Vector length (stability)

The ANOVA revealed no significant effect or interaction.



Number of errors

The ANOVA revealed a main Group effect on the number of errors [F(1,18) = 8.41, p = 0.009; η2 = 0.318]. Irrespective of Modality and Recall phase, the number of errors was higher in the DCD group (1.48 ± 1.02) than the control group (0.61 ± 0.76).



Delayed Recall vs Reactivation: Reactivation


Asynchrony (accuracy)

The ANOVA revealed no significant effect or interaction.



Vector length (stability)

The ANOVA revealed a Reactivation of stimulus effect on vector length [F(1,18) = 50.333, p < 0.001; η2 = 0.736]. Irrespective of the Group and Modality, the vector length was higher (more stable) for Reactivation (0.54 ± 0.19) than DEL without a stimulus (0.27 ± 0.12).



Number of errors

The ANOVA revealed a main Group effect on the number of errors [F(1,18) = 10.994, p = 0.003; η2 = 0.212]. Irrespective of Modality and Reactivation, the number of errors was higher in the DCD group (1.23 ± 1.06) than the control group (0.52 ± 0.71).

The ANOVA revealed a Reactivation of stimulus effect on the number of errors [F(1,30) = 4.654, p = 0.044; η2 = 0.009]. Irrespective of the Group and Modality, the number of errors was higher for DEL without a stimulus (0.98 ± 1.01) than Reactivation (0.56 ± 0.75).



DISCUSSION

The purpose of this study was to test SMS and procedural learning for a sensorimotor temporal sequence specified by auditory or visual stimuli in DCD. We predicted that children with DCD would have more difficulties synchronizing, learning, retaining, and reactivating a new temporal sensorimotor sequence than TD children. Moreover, we expected that difficulties would be modulated by the sensory modality of the stimuli, with a greater learning deficit for auditory than visual stimuli, as per the hypothesis of Trainor et al. (2018). Our results were partially consistent with our hypotheses.

Firstly, during the SMS task using isochronous stimuli, children with DCD demonstrated less accurate and stable synchrony than TD children for both auditory and visual stimuli. They also made more errors than their TD peers. Thus, our results indicate that an overarching synchronization deficit is present in DCD, regardless of the visual and auditory modality of the stimuli, as per previous findings on auditory stimuli (Williams et al., 1992; Whitall et al., 2008; Rosenblum and Regev, 2013; Puyjarinet et al., 2017) and auditory and visual stimuli (Whitall and Clark, 2018; Lê et al., 2020). Given that SMS was also impaired for both visual and auditory stimuli when children had to respond with verbal responses (Lê et al., 2020), it is possible that the general – effector-independent and modality-independent – deficit in SMS is possibly due to a deficit in timing perception in DCD, as proposed by Trainor et al. (2018).

Secondly, the DCD group was as able as the TD group in improving accuracy and stability and decreasing the number of errors with practice on the non-isochronous sequence, which challenges the idea that children with DCD do not use sensory information to improve performance (Whitall et al., 2006; Mackenzie et al., 2008; Roche et al., 2011). Therefore, learning a new temporal perceptual-motor sequence seems to be retained in children with DCD. These results are in line with previous results showing that learning is relatively preserved in DCD (Wilson et al., 2003; Blais et al., 2018; Lê et al., 2020) and challenges the procedural learning deficit hypothesis postulated by Nicolson and Fawcett (2007).

Thirdly, regarding the effect of the sensory modality, we found a more significant improvement in temporal accuracy and stability during practice with auditory compared to visual stimuli in TD children and children with DCD. This result suggests that children with or without DCD benefit more from auditory stimuli than visual stimuli when learning a temporal sequence. However, the benefit of auditory stimuli seems to be transient for children with DCD, who demonstrated a significant increase in errors immediately after the removal of the auditory stimuli (IMM) and after a delay (DEL). The new increase in performance with the reintroduction of the auditory stimuli (reactivation test) suggests that children with DCD have a specific deficit in terms of integrating an audio-motor sequence in their memory. Given that the recall and reactivation tests involved withdrawing and reintroducing environmental information specifying the audio-motor sequence, the modulation of performance in children with DCD suggests that the auditory information provides a guidance effect (Salmoni et al., 1984; Walter and Swinnen, 1994). In other words, children with DCD depend on environmental auditory information during practice. This dependency, which is specific to auditory information, suggests that the auditory information results in the establishment of a perception-action coupling in DCD, as already suggested in Lê et al. (2020). Children with DCD fail to properly reproduce the temporal sensorimotor sequence by themselves once the auditory information is removed. Children with DCD may be able to transiently adapt to environmental stimuli when present, but are not able to really integrate the temporal sequence in their memory. Another view is that auditory stimuli are so attractive that, when withdrawn, children are prone to making more errors than with visual stimuli, for which withdrawal does not result in as much disruption (Repp and Penel, 2004; Repp and Su, 2013; Thaut, 2015). In this case, our results suggest for the first time that auditory stimuli are more attractive than visual stimuli in DCD children when compared with TD children.

In short, TD children benefited from auditory information at each stage of practice, retention, and reactivation, contrary to DCD children, who benefited from auditory information during practice and reactivation (when the stimuli were present) but not for retention (when the stimuli were removed and the sequence had to be produced from memory). For the first time, these results demonstrate the superiority of the auditory modality from SMS to the procedural learning of a new sensorimotor temporal sequence in TD children. As per the literature, in healthy adults (Repp and Penel, 2002; Chauvigné et al., 2014; Merchant et al., 2015; Iversen and Balasubramaniam, 2016), it is possible for common cerebral structures to underlie both SMS and temporal sequence learning with auditory stimuli. In DCD, even if the auditory information helps improve performance during practice and reactivation (with stimuli), it does not help retention (without stimuli). Therefore, our results are partially in line with the proposal by Trainor et al. (2018), who hypothesized that “motor control of children with DCD would benefit from the addition of rhythmic auditory cues” (Trainor et al., 2018). Our results actually led us to conclude that visual stimuli are more likely to improve the learning and memorization of temporal motor sequences in children with DCD. This result adds to the previous findings of Lê et al. (2020), showing that visual information could be a more appropriate cue for the long-term retention of temporal sequences.



LIMITS AND PROSPECTS

A few limits and prospects can be mentioned for this study. Firstly, given that each child had to learn and retain two temporal sensorimotor sequences, an interference effect may have taken place. As previously explained by Schmidt and Young (1987), when two similar tasks are practiced sequentially, they may interfere each other. Such a phenomenon may have occurred in our study, but we could not investigate it given that learning of the two tasks was counterbalanced. However, it would be interesting to study the role of interference in DCD in the future.

Another limitation of our study is that we did not test the perceptual discrimination abilities of the participants. Errors in sensorimotor synchronization may have resulted from a deficit in timing perception, in line with the recent assumption of Trainor et al. (2018). Trainor et al. (2018) hypothesized that auditory perceptual timing deficits may be core characteristics of DCD, but no studies have yet demonstrated this assumption (Trainor et al., 2018). On the other hand, please note that errors correspond to additional responses (more taps than required). This result could be a marker of a motor inhibition deficit in DCD, as reported in a previous study about learning in teenagers with DCD (Blais et al., 2017, 2018). Therefore, we cannot be sure that errors identified in this study were due to a deficit in (perceptual) processing of the stimuli or a deficit (inhibition) in motor output.

Moreover, there might be heterogeneity in the way children memorize the sequence, explaining why we cannot observe the effects of DEL for instance. It is also difficult to explain the high incidence of children (both TD and DCD) who were unable to reproduce the DEL sequence. In the future, it may be interesting to study individual strategies that could give information on specific processes at stake in the learning and memorization of temporal sequences.

Another limitation is the sample size of our study, with only 12 participants with DCD. However, the exclusion of comorbidities and the restricted inclusion criteria (with a M-ABC score below the 5th percentile) were a real advantage for this study.

Finally, our results open prospects for studying the cerebral correlates of learning in DCD. The model of Doyon and Benali (2005) suggests that sequence learning is supposed to involve the cortico-striato-cortical loop, whereas the cortico-cerebello-cortical loop is involved in sensorimotor adaptation. On this basis, it seems that the cortico-striato-cortical loop could be altered in DCD (Cignetti et al., 2020; Tallet and Wilson, 2020). In this study, we evaluated learning with only 30 practice trials, which corresponds to the fast-learning stage according to Doyon and Benali (2005). This stage involves a large cerebral network, including not only the striatum but also a set of structures such as the cerebellum, motor cortical regions, parietal, prefrontal, and limbic regions. In the future, neural functional connectivity measurements to and from the striatum may be good way to understand the relationships between observable behavior and cerebral indices (Blecher et al., 2016). Studying learning at the slow learning stage (specifically involving the cortico-striatal network) would certainly show additional results on motor learning and memory in children with DCD.

To date, no intervention studies have specifically tested whether children with DCD need more practice compared to TD children in order to reach a similar performance level in motor learning tasks (Schoemaker and Smits–Engelsman, 2015; Smits–Engelsman et al., 2018). In our study, the DCD children may have needed more practice compared to TD children to retain the audio-motor sequence. In other words, children with DCD may require longer to reach saturated learning for auditory stimuli.

All in all, our results encourage the continuation of research on aspects involving procedural memory and neural correlates in DCD to be considered as necessary.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the National Ethical Committee of the Institute for Medical Research (Inserm, 2014-AO1239-38). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

YC, J-MA, MJ, and JT conceived the project and obtained the financial support for this experimentation. MB and JT conceived and planned the experiment, analyzed the results, and wrote the manuscript. MB and SM carried out the experiment. All authors provided critical feedbacks on the manuscript.



FUNDING

This work was supported by a grant from the French National Research Agency (ANR DYSTAC-MAP and ANR-13-APPR-0010).



ACKNOWLEDGMENTS

We would like to thank Deborah Méligne for her very valuable help in promoting this study. We would like to thank Lucy O’Shea for the English proofreading. We are also thankful to all the children and their parents who willingly gave their time and effort.


FOOTNOTES

1
www.neurobs.com


REFERENCES

American Psychiatric Association (2013). DSM–5 – Diagnostic and statistical manual of mental disorders (5th ed.). Washington, DC: American Psychiatric Association.

Andreou, L. V., Griffiths, T. D., and Chait, M. (2015). Sensitivity to the temporal structure of rapid sound sequences—An MEG study. NeuroImage 110, 194–204. doi: 10.1016/j.neuroimage.2015.01.052

Berens, P. (2009). CircStat: a MATLAB toolbox for circular statistics. J. Stat. Software 31, 1–21.

Blais, M., Albaret, J.–M., and Tallet, J. (2015). Is there a link between sensorimotor coordination and inter–manual coordination? Differential effects of auditory and/or visual rhythmic stimulations. Exp. Brain Res. 233, 3261–3269. doi: 10.1007/s00221-015-4394-6

Blais, M., Amarantini, D., Albaret, J.–M., Chaix, Y., and Tallet, J. (2018). Atypical inter−hemispheric communication correlates with altered motor inhibition during learning of a new bimanual coordination pattern in developmental coordination disorder. Dev. Sci. 21:e12563. doi: 10.1111/desc.12563

Blais, M., Baly, C., Biotteau, M., Albaret, J.–M., Chaix, Y., Tallet, J., et al. (2017). Lack of motor inhibition as a marker of learning difficulties of bimanual coordination in teenagers with developmental coordination disorder. Dev. Neuropsychol. 42, 207–219. doi: 10.1080/87565641.2017.1306526

Blais, M., Martin, E., Albaret, J.–M., and Tallet, J. (2014). Preservation of perceptual integration improves temporal stability of bimanual coordination in the elderly: an evidence of age–related brain plasticity. Behav. Brain Res. 275, 34–42. doi: 10.1016/j.bbr.2014.08.043

Blecher, T., Tal, I., and Ben–Shachar, M. (2016). White matter microstructural properties correlate with sensorimotor synchronization abilities. NeuroImage, 138, 1–12. doi: 10.1016/j.neuroimage.2016.05.022

Chauvigné, L. A., Gitau, K. M., and Brown, S. (2014). The neural basis of audiomotor entrainment: an ALE meta–analysis. Front. Hum. Neurosci. 8:776. doi: 10.3389/fnhum.2014.00776

Chen, Y., Repp, B. H., and Patel, A. D. (2002). Spectral decomposition of variability in synchronization and continuation tapping: comparisons between auditory and visual pacing and feedback conditions. Hum. Mov. Sci. 21, 515–532. doi: 10.1016/s0167-9457(02)00138-0

Cignetti, F., Nemmi, F., Vaugoyeau, M., Girard, N., Albaret, J. M., Chaix, Y., et al. (2020). Intrinsic cortico–subcortical functional connectivity in developmental dyslexia and developmental coordination disorder. Cerebral Cortex Commun. 1:tgaa011.

Dalla Bella, S., and Sowiński, J. (2015). Uncovering beat deafness: detecting rhythm disorders with synchronized finger tapping and perceptual timing tasks. J. Visual. Exp. 97:51761. doi: 10.3791/51761

Dalla Bella, S., Farrugia, N., Benoit, C. E., Begel, V., Verga, L., Harding, E., et al. (2017). BAASTA: battery for the assessment of auditory sensorimotor and timing abilities. Behav. Res. Methods 49, 1128–1145. doi: 10.3758/s13428-016-0773-6

de Beukelaar, TT, Woolley, DG, Alaerts, K, Swinnen, SP, and Wenderoth, N (2016). Reconsolidation of motor memories is a time–dependent process. Front. Hum. Neurosci. 10:408. doi: 10.3389/fnhum.2016.00408

de Castelnau, P., Albaret, J.–M., Chaix, Y., and Zanone, P. G. (2007). Developmental coordination disorder pertains to a deficit in perceptuo–motor synchronization independent of attentional capacities. Hum. Mov. Sci. 26, 477–490. doi: 10.1016/j.humov.2007.03.001

de Castelnau, P., Albaret, J. M., Chaix, Y., and Zanone, P. G. (2008). A study of EEG coherence in DCD children during motor synchronization task. Hum. Mov. Sci. 27, 230–241. doi: 10.1016/j.humov.2008.02.006

Debrabant, J., Gheysen, F., Caeyenberghs, K., Van Waelvelde, H., and Vingerhoets, G. (2013). Neural underpinnings of impaired predictive motor timing in children with developmental coordination disorder. Res. Dev. Disab. 34, 1478–1487. doi: 10.1016/j.ridd.2013.02.008

Doyon, J., and Benali, H. (2005). Reorganization and plasticity in the adult brain during learning of motor skills. Curr. Opin. Neurobiol. 15, 161–167. doi: 10.1016/j.conb.2005.03.004

Doyon, J. (2008). Motor sequence learning and movement disorders. Curr. Opin. Neurol. 21, 478–483. doi: 10.1097/wco.0b013e328304b6a3

Fisher, N. I. (1995). Statistical analysis of circular data. Cambridge: Cambridge University Press.

Fraisse, P. (1948). Rythmes auditifs et rythmes visuels. L’Année Psychologique 49, 21–42. doi: 10.3406/psy.1948.8352

Fraisse, P., Oléron, G., and Paillard, J. (1958). Sur les repères sensoriels qui permettent de contrôler les mouvements d’accompagnement de stimuli périodiques. L’Année Psychologique 58, 321–338. doi: 10.3406/psy.1958.26695

Fogel, S., Albouy, G., King, BR., Lungu, O., Vien, C., Bore, A., et al. (2017). Reactivation or transformation? Motor memory consolidation associated with cerebral activation time–locked to sleep spindles. PLoS One 12:e0174755. doi: 10.1371/journal.pone.0174755

Gheysen, F., Van Waelvelde, H., and Fias, W. (2011). Impaired visuo–motor sequence learning in developmental coordination disorder. Res. Dev. Disab. 32, 749–756. doi: 10.1016/j.ridd.2010.11.005

Henderson, S. E., and Sugden, D. A. (1992). Movement Assessment Battery for Children. London: Psychological Corporation.

Iversen, J. R., and Balasubramaniam, R. (2016). Synchronization and temporal processing. Curr. Opin. Behav. Sci. 8, 175–180. doi: 10.1016/j.cobeha.2016.02.027

Jäncke, L., Loose, R., Lutz, K., Specht, K., and Shah, N. J. (2000). Cortical activations during paced finger–tapping applying visual and auditory pacing stimuli. Cogn. Brain Res. 10, 51–66. doi: 10.1016/s0926-6410(00)00022-7

Kato, M., and Konishi, Y. (2006). Auditory dominance in the error correction process: a synchronized tapping study. Brain Res. 1084, 115–122. doi: 10.1016/j.brainres.2006.02.019

Konoike, N., Kotozaki, Y., Jeong, H., Miyazaki, A., Sakaki, K., Shinada, T., et al. (2015). Temporal and motor representation of rhythm in fronto–parietal cortical areas: an fMRI Study. Plos One 10:e0130120. doi: 10.1371/journalpone.0130120

Konoike, N., Kotozaki, Y., Miyachi, S., Miyauchi, C. M., Yomogida, Y., Akimoto, Y., et al. (2012). Rhythm information represented in the fronto–parieto–cerebellar motor system. NeuroImage 63, 328–338. doi: 10.1016/j.neuroimage.2012.07.002

Lê, M., Blais, M., Jucla, M., Chauveau, N., Maziero, S., Biotteau, M., et al. (2020). Procedural learning and retention of audio−verbal temporal sequence is altered in children with developmental coordination disorder but cortical thickness matters. Dev. Sci. 2020:e13009.

Lejeune, C., Catale, C., Willems, S., and Meulemans, T. (2013). Intact procedural motor sequence learning in developmental coordination disorder. Res. Dev. Disab. 34, 1974–1981. doi: 10.1016/j.ridd.2013.03.017

Martin, E., Blais, M., Albaret, J.–M., Pariente, J., and Tallet, J. (2017). Alteration of rhythmic unimanual tapping and anti–phase bimanual coordination in Alzheimer’s disease: a sign of inter–hemispheric disconnection? Hum. Mov. Sci. 55, 43–53. doi: 10.1016/j.humov.2017.07.007

Mackenzie, S. J., Getchell, N., Deutsch, K., Wilms–Floet, A., Clark, J. E., Whitall, J., et al. (2008). Multi–limb coordination and rhythmic variability under varying sensory availability conditions in children with DCD. Hum. Mov. Sci. 27, 256–269. doi: 10.1016/j.humov.2008.02.010

Merchant, H., Grahn, J., Trainor, L., Rohrmeier, M., and Fitch, W. T. (2015). Finding the beat: a neural perspective across humans and non–human primates. Phil. Trans. R. Soc. B 370:20140093. doi: 10.1098/rstb.2014.0093

Nicolson, R. I., and Fawcett, A. J. (2007). Procedural learning difficulties: reuniting the developmental disorders? Trends Neurosci. 30, 135–141. doi: 10.1016/j.tins.2007.02.003

Oldfield, R. C. (1971). The assessment and analysis of handedness: the edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

Patel, A. D. (2003). Language, music, syntax and the brain. Nat. Neurosci. 6:674. doi: 10.1038/nn1082

Patel, A. D., Iversen, J. R., Chen, Y., and Repp, B. H. (2005). The influence of metricality and modality on synchronization with a beat. Exp. Brain Res. 163, 226–238. doi: 10.1007/s00221-004-2159-8

Pollok, B., Krause, V., Butz, M., and Schnitzler, A. (2009). Modality specific functional interaction in sensorimotor synchronization. Hum. Brain Mapp. 30, 1783–1790. doi: 10.1002/hbm.20762

Puyjarinet, F., Bégel, V., Lopez, R., Dellacherie, D., and Dalla Bella, S. (2017). Children and adults with attention–deficit/hyperactivity disorder cannot move to the beat. Sci. Rep. 7:11550.

Repp, B. H. (2005). Sensorimotor synchronization: a review of the tapping literature. Psychonomic Bull. Rev. 12, 969–992. doi: 10.3758/bf03206433

Repp, B. H., and Su, Y. H. (2013). Sensorimotor synchronization: a review of recent research (2006-2012). Psychonomic Bull. Rev. 20, 403–452. doi: 10.3758/s13423-012-0371-2

Repp, B. H., and Penel, A. (2002). Auditory dominance in temporal processing: new evidence from synchronization with simultaneous visual and auditory sequences. J. Exp. Psychol. Hum. Percep. Perform. 28, 1085–1099. doi: 10.1037/0096-1523.28.5.1085

Repp, B. H., and Penel, A. (2004). Rhythmic movement is attracted more strongly to auditory than to visual rhythms. Psychological. Res. 68, 252–270.

Repp, B. H., London, J., and Keller, P. E. (2011). Perception–production relationships and phase correction in synchronization with two–interval rhythms. Psychol. Res. 75, 227–242. doi: 10.1007/s00426-010-0301-8

Roche, R., Wilms–Floet, A. M., Clark, J. E., and Whitall, J. (2011). Auditory and visual information do not affect self–paced bilateral finger tapping in children with DCD. Hum. Mov. Sci. 30, 658–671. doi: 10.1016/j.humov.2010.11.008

Rosenblum, S., and Regev, N. (2013). Timing abilities among children with developmental coordination disorders (DCD) in comparison to children with typical development. Res. Dev. Disabil. 34, 218–227.

Salmoni, A. W., Schmidt, R. A., and Walter, C. B. (1984). Knowledge of results and motor learning: a review and critical reappraisal. Psychol. Bull. 95:355. doi: 10.1037/0033-2909.95.3.355

Schmidt, R. A., and Young, D. E. (1987). Transfer of movement control in motor skill learning. In S. M. Cormier and J. D. Hagman (Eds.), Transfer of learning. Contemporary research and applications (47–79). San Diego: Academic Press. doi: 10.1016/b978-0-12-188950-0.50009-6

Shin, J. C., and Ivry, R. B. (2002). Concurrent learning of temporal and spatial sequences. J. Exp. Psychol. Learn. Mem. Cogn. 28:445. doi: 10.1037/0278-7393.28.3.445

Schoemaker, M. M., and Smits–Engelsman, B. C. (2015). Is treating motor problems in DCD just a matter of practice and more practice? Curr. Dev. Disord. Rep. 2, 150–156. doi: 10.1007/s40474-015-0045-7

Semjen, A., and Ivry, R. B. (2001). The coupled oscillator model of between–hand coordination in alternate–hand tapping: a reappraisal. J. Exp. Psychol. Hum.Percep. Perform. 27, 251–265. doi: 10.1037/0096-1523.27.2.251

Smits–Engelsman, B., Vincon, S., Blank, R., Quadrado, V. H., Polatajko, H., Wilson, P. H., et al. (2018). Evaluating the evidence for motor–based interventions in developmental coordination disorder: a systematic review and meta–analysis. Res. Dev. Disab. 74, 72–102. doi: 10.1016/j.ridd.2018.01.002

Soppelsa, R., and Albaret, J.–M. (2004). Manuel de la batterie d’évaluation du mouvement chez l’enfant (M–ABC). Paris: Éditions du Centre de Psychologie Appliquée.

Sowiński, J., and Dalla Bella, S. (2013). Poor synchronization to the beat may result from deficient auditory–motor mapping. Neuropsychologia 51, 1952–1963. doi: 10.1016/j.neuropsychologia.2013.06.027

Tallet, J. (2012). Memory Dynamics. In: N.M. Seel (eds) Encyclopedia of the Sciences of Learning. Boston, MA: Springer.

Tallet, J., and Wilson, P. (2020). Is developmental coordination disorder a dysconnection syndrome? Curr. Dev. Disord. Rep. 7, 1–13. doi: 10.1007/s40474-020-00188-9

Thaut, M. H. (2015). The discovery of human auditory–motor entrainment and its role in the development of neurologic music therapy. Prog. Brain Res. 217, 253–266. doi: 10.1016/bs.pbr.2014.11.030

Tierney, A., and Kraus, N. (2013). The ability to move to a beat is linked to the consistency of neural responses to sound. J. Neurosci. 33, 14981–14988. doi: 10.1523/jneurosci.0612-13.2013

Trainor, L. J., Chang, A., Cairney, J., and Li, Y. C. (2018). Is auditory perceptual timing a core deficit of developmental coordination disorder? Ann. N Y Acad. Sci. 1423, 30–39. doi: 10.1111/nyas.13701

Volman, M. C. J., and Geuze, R. H. (1998). Relative phase stability of bimanual and visuomanual rhythmic coordination patterns in children with a developmental coordination disorder. Hum. Mov. Sci. 17, 541–572. doi: 10.1016/s0167-9457(98)00013-x

Volman, M. J. M., Laroy, M. E., and Jongmans, M. J. (2006). Rhythmic coordination of hand and foot in children with developmental coordination disorder. Child Care Health Dev. 32, 693–702. doi: 10.1111/j.1365-2214.2006.00679.x

Walter, C. B., and Swinnen, S. P. (1994). The formation and dissolution of “bad habits” during the acquisition of coordination. In: H. H. S. Swinnen, J. Massion, and P. Casaer (Eds.); Interlimb coordination: neural, dynamical and cognitive constraints (491–513). New York: Academic Press. doi: 10.1016/b978-0-12-679270-6.50028-0

Wechsler, D. (2005). WISC IV. Echelle d’intelligence de Wechsler pour adolescents et adolescents. quatrième édition. Paris: Editions du Centre de Psychologie Appliquée.

Whitall, J., Getchell, N., McMenamin, S., Horn, C., Wilms-Floet, A., Clark, J. E., et al. (2006). Perception–action coupling in children with and without DCD: frequency locking between task-relevant auditory signals and motor responses in a dual−motor task. Child Care Health Dev. 32, 679–692. doi: 10.1111/j.1365-2214.2006.00676.x

Whitall, J., Chang, T. Y., Horn, C. L., Jung–Potter, J., McMenamin, S., Wilms–Floet, A., et al. (2008). Auditory–motor coupling of bilateral finger tapping in children with and without DCD compared to adults. Hum. Mov. Sci. 27, 914–931. doi: 10.1016/j.humov.2007.11.007

Whitall, J., and Clark, J. E. (2018). A perception–action approach to understanding typical and atypical motor development. Adv. Child Dev. Behav. 55, 245–272.

Williams, H.G., Woollacott, M.H., and Ivry, R. (1992). Timing and motor control in clumsy children. J. Motor Behav. 24, 165–172. doi: 10.1080/00222895.1992.9941612

Wilson, P. H., Maruff, P., and Lum, J. (2003). Procedural learning in children with developmental coordination disorder. Hum. Mov. Sci. 22, 515–526. doi: 10.1016/j.humov.2003.09.007


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Blais, Jucla, Maziero, Albaret, Chaix and Tallet. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnhum-15-616795-g003.jpg





OPS/images/fnhum-15-616795-g002.jpg
t=0 =1 Time
(hours)
1 L L L 1 L 1 L P
1 1 1 T T T T 1 i
Practice &  Immediate Practice V. Immediate Delayed Delayed Reactivation ~ Reactivation
recall recall recall recall with A with V
without & without V without without
AorV BAorV





OPS/images/fnhum-15-616795-g005.jpg
Number of errors

25

0.5

—A— TD —0— DCD
| 1 | | | | | | | | | | I 1 | | 1 1 1 1 | |
Bl B2 B3 B4 BS B6 B7 B8 B9 BI0 IMM Bl B2 B3 B4 BS B6 B7 B8 B9 BIO IMM
Visual Auditory





OPS/images/fnhum-15-616795-g004.jpg
—0— VIS —A— AUD

0.65

B

0.4

L
w
¥
<
15ud] 10309 A

0
0.55
0.5

%

A 37

L
v < v
& o & -

(%) Auoryouksy

B2 B3 B4 BS B6 B7 BS B9 BIO

Bl

B2 B3 B4 BS B6 B7 B8 B9 BIO

Bl





OPS/images/fnhum-15-616795-g001.jpg
Sequence 1, Auditory modality

1650 1650 900 900 500 900 500 900 900

N

Sequence 1, Visual modality

1650 1650 900 900 1650 500 900 500 900 900

O O0— 0—0 O0-0—0-0—-0—0

Sequence 2, Auditory modality

1650 900 900 1650 1650 900 900 900 900 1650
| | | | | | | | | | |
- - - - - - - - - - -
Sequence 2, Visual modality
1650 900 900 1650 1650 900 900 900 900 1650
O O —0—0O B O0—0—0O—0O—O O






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Differential Effects of Auditory and Visual Stimuli on Learning, Retention and Reactivation of a Perceptual-Motor Temporal Sequence in Children With Developmental Coordination Disorder



		HIGHLIGHTS



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Materials



		Task



		Control Task: Synchronization With Isochronous Sequence



		Experimental Task: Learning to Synchronize With Non-isochronous Sequences



		Practice (with stimuli)



		Immediate and delayed recall (without stimuli)



		Reactivation (with stimuli)











		Procedure



		Control Task: Synchronization With an Isochronous Sequence



		Experimental Tasks



		Practice



		Immediate recall



		Delayed recall



		Reactivation











		Data Analysis



		Practice and Reactivation



		Immediate Recall and Delayed Recall (Without Stimuli)



		Control Task: Synchronization With an Isochronous Sequence







		Statistics







		RESULTS



		Control Task: Synchronization With an Isochronous Sequence



		Asynchrony (Accuracy)



		Vector Length (Stability)



		Number of Errors







		Experimental Task: Learning Non-isochronous Sequences



		B1–B10: Practice Effect



		Asynchrony (accuracy)



		Vector length (stability)



		Number of errors







		End of Practice (B10) vs Immediate Recall: Immediate Retention



		Asynchrony (accuracy)



		Vector length (stability)



		Number of errors







		Immediate Recall vs Delayed Recall: Delayed Retention



		Asynchrony (accuracy)



		Vector length (stability)



		Number of errors







		Delayed Recall vs Reactivation: Reactivation



		Asynchrony (accuracy)



		Vector length (stability)



		Number of errors















		DISCUSSION



		LIMITS AND PROSPECTS



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fnhum-15-616795-t001.jpg
TD (n = 20; 10 girls) DCD (n = 12; 4 girls) t(30) p

M SD M SD
Age (years) 10.17 1.30 9.63 1.18 1.59 0.12
M-ABC 50.57 25.84 1.36 1.70 7.39 3.09.10°8
percentile
WISC-IV-  12.7 2.93 12.25 3.81 0.92 0.36
SIM
WISCIV-  10.15 2.05 9.41 192 1.44 0.15
PC

M, mean; SD, standard deviation, M-ABC, Movement Assessment Battery for
Children; WISC-IV, Wechsler Intelligence Scale for Children; SIM, Similitaries; PC,
Picture Concepts.





OPS/images/cover.jpg
’ frontiers
In Human Neuroscience

The DifferentialEffects
of Auditory and Visual Stimuli on
Learning, Retention

and Reactivation of a
Perceptual-Motor Temporal
Sequence in Children With
Developmental Coordination

Disorder









OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





